The 
Introduction
A rapid net catabolism of body protein, as well as a redistribution of the nitrogen pool and body com position within the body usually occurs in patients with major trauma,1,2 thermal injury,3,4 sepsis5-7 and advanced cancer.8,9 Persistent protein loss from the body pauses an important clinical problem, because the survival rate in patients with these conditions is inversely proportional to the loss of lean body mass.10 Muscle protein breakdown is accelerated, whereas cer tain "acute-phase" proteins are produced at increased rates in the liver. Wound repair requires amino acids for protein synthesis, and increased immunological activity may also require accelerated protein synthesis. The magnitude of the net catabolism of muscle may be so pronounced that maintenance of lean body mass is an unreasonable goal in critically ill patients. Nonethe less, provision of dietary protein and/or amino acid is essential for minimizing net protein catabolism and/or net protein loss. Although it seems likely that a higher than-normal intake of protein may be useful, simple provision of enough calories and/or protein failed to efficiently improve the net protein loss.11 Even the mild stress of simple bed-rest increases the protein require ment to maintain nitrogen balance.12 This article reviews the alterations of amino acid and protein metabolism in critical illness and the response of nutritional support to amino acid and protein me tabolism in vivo, and pathophysiological mechanisms by which amino acid and protein metabolism is altered in critical conditions are discussed. Underlying method ological issues involved in protein metabolism in vivo are also discussed.
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Characteristics of alteration in protein metabolism in critical illness
The in vivo alterations of protein kinetics have well been studied in patients with thermal injury,3,13-15 which could serve as a model of critical illness (Fig. 1) . Accelerated muscle protein catabolism after thermal injury has been shown to persist for months. 16 The principal defect is an accelerated rate of protein break down, and a failure of protein synthesis to increase that sufficiently occur to compensate.16 It has been believed that the breakdown of muscle protein is a major con tributor to the overall catabolic responses in protein metabolism,17,18 because muscle tissue is the largest organ among the organs in the body in which body protein is stored. Therefore, the improvement of pro tein kinetics in muscle tissues has been the target in the nutritional support to prevent the loss of body protein. Despite the fact that a variety of nutritional support has been clinically used, none of the treatment has been successful to sufficiently restore body protein and for amino acid and protein kinetics to be normalized. Although the use of total parenteral nutrition (TPN) results in a decrease in the protein loss that accom panies critical surgical illness, only a minority of patients are rendered anabolic.19-21 Although the use of TPN results in a marked increase in whole body protein synthesis,20,21 and as a result of a major decrease in the rate of net protein loss,19 these patients remain in a state where net protein loss continues albeit at a slower rate than in the absence of TPN. One important reason of the inability for protein kinetics to be normalized is that the mechanism by which muscle protein catabolism Fig. 1 Alterations of protein and amino acid metabolism in severely burned patients. Parameters for protein and amino acid kinetics were obtained using a continuous infusion of leucine labeled with stable isotope. Leucine flux and leucine oxidation remarkably increased in burn and sepsis as compared with control (*P<0.05vs. Control).
( Methodological issues involved in the measurement of protein metabolism
Nitrogen balance studies: Nitrogen balance technique has been widely used as a gold standard for determining the balance between protein synthesis and breakdown at the whole body level.25 Although this technique requires no unprovable assumptions, the interpretation of N-balance data is not as straightforward as would seem from its underlying principle. Hegsted26 collated nitrogen balance data and concluded that there is a systematic error inherent in the way N-balance studies are performed. At protein intakes being above basal requirements, there is an apparent retention of ap proximately 20% of the extra nitrogen intake. In addi tion, this technique does not account for excretions of nitrogen from expired breath and sweat as a form of ammonia.
[15N]glycine method: Constant infusion of 15N glycine is a method that was first used by Picou and Taylor-Roberts in 196927 and has subsequently been used by a number of investigators. Among the assump tions that are needed to make for this method, the most practical problem is that when 15N-glycine is infused without priming of amino acid and urea pools, as many as 30 to 40 hours may be necessary for obtaining a pla teau of urinary urea. Likewise, since different tracer methods involve problems and need particular assump tions, these should be accounted for the appropriate interpretation of the results. Over the past 50years, the study of amino acid and protein metabolism has been the predominant area of application of stable isotopic tracer methodology. This in part reflects the fact that 15N is a convenient stable isotop e of nitrogen (the essential component of amino acids) , and there is no other appropriate radioactive tracer of nitrogen . alanine and glutamine and urea is produced as a con sequence of the reactions of urea cycle.28 The increaase in urea production has been reported in weight losing cancer patients2' and in advanced gastrointestinal can cer patients.29 Whereas the rate of urea production is a reflection of net protein catabolism, not all the urea produced is excreted in the urine. Some urea diffuses from the blood into the gut, where bacteria contain the enzyme urease. This enzyme enables the bacteria to di gest urea to CO2 and NH3. The NH3 can diffuse back into blood, where it is delivered to the liver by way of the portal circulation and can be incorporated into urea or amino acids. The rate of recycling of N into urea in humans varies from as little as 10% of production under normal conditions30 to more than 60% in patho logical conditions. For example, in burn patients, 40% of urea produced is not excreted.11 Although the status of urea cycling has never been examined in patients with cancer, this mechanism could possibly be impor tant for the understanding of protein balance in cancer patients.
Constant essential amino acid tracer infusion
Essential amino acids such as leucine and phenyl alanine are the amino acids that unconditionally needed to maintain the integrity of the body, but are not syn thesized in the body. However, certain concentration of these amino acids is maintained in plasma or intra cellular space of the certain type of cells. These free essential amino acids found in either plasma or intra cellular space are considered to be derived either from oral intake or from the breakdown of body protein. Thus, certain essential amino acid tracers labeled with stable isotope have been used to evaluate the in vivo rate of whole-body protein breakdown by measuring the rate of appearance of essential amino acid in plasma. For instance, leucine tracer is being used to calculate the rate of whole-body protein breakdown, in which a 2 hour primed-continuous infusion of stable isotopically labeled leucine tracer has been used. How ever, some of the branched-chain essential amino acid such as leucine is in part oxidized intracellularly pro ducing alpha-keto acid. Therefore, the leucine appeared intracellularly as the result of protein breakdown is recycled in which leucine are reincorporated into pro tein before it appears in plasma. This leucine model enables to calculate the rate of whole-body protein synthesis by subtracting the rate of intracellular leucine oxidation from the rate of appearance of leucine, as well as the rate of protein breakdown. In contrast, because of the fact that phenylalanine that is also an essential amino acid is not oxidized in the cells, phe nylalanine appeared in the cell and in plasma is consid ered to be generated solely as a result of protein breakdown in the circumstance where no phenylalanine is exogenously given.
Flooding dose technique
The rate of protein synthesis has been measured not only in the whole-body level but also in tissue level such as skeletal muscle. The method of choice for the mea surement of the muscle protein synthesis rate most frequently used in humans has been a primed-constant infusion of an amino acid tracer.31 To calculate the rate of protein synthesis, this method requires measurement of the rate of incorporation of the labeled amino acid into protein and the precursor pool enrichment, i.e., the isotopic enrichment of the tracer at the site of protein synthesis.32 However, a major drawback of this method is the inability to measure the enrichment of the true precursor pool, i.e., the amino acyl-tRNA pool, because of the large tissue sample required and the tedious and elaborate procedure involved in its isolation and purifi cation. To overcome this problem in human studies Garlick and co-workers33 adopted a flooding dose technique that requires considerably shorter period of the isotope infusion than the constant infusion method (1.5 versus 4-8 hours) and permits an indirect estimate of the precursor pool enrichment by making measure ments of the isotopic enrichment of the tracer amino acid in plasma. From the theoretical standpoint, the enrichment of the precursor pool can be accurately measured by analyzing plasma enrichment. Because in this flooding dose method, the labeled amino acid is given together with a large amount of unlabeled amino acid, it causes rapid equilibrium of the free extracellular amino acid pools, which enables to have the equal en richment of the plasma as the enrichment of the pre cursor pool from which amino acids are used to charge tRNA for protein synthesis. However, the flooding dose method gives fractional muscle protein synthesis rates that are markedly greater than those obtained by the constant infusion method.34 One possible explanation for this discrepancy is a direct stimulatory effect of the large dose of amino acid or that of the hormonal re sponse it elicits on protein synthesis rate.35
A-V difference techniques
Measurement of tracer kinetics across a tissue bed has been used for many years in attempts to gain more information about the regional metabolism. Most commonly, metabolism of peripheral tissue is assessed by determining the balance of substrate and/or amino acids in and out from either the forearm or the leg . It is also possible to apply this model across the liver to de termine the balance of substrate or amino acids in and out from the liver, although this model involves meth (Fig. 2) . The measurement of net balance using isotopic tracers requires the calcu lation of blood, substrate concentration in the artery and the vein, and isotopic enrichment in the artery and vein.
Possible mechanisms and/or hypotheses to explain the alteration in protein metabolism in critical illness Inefficient substrate oxidation: Evidences indicate that resistance to the normal protein anabolic effect of insulin may be an important mechanism leading to net catabolism in severe injury or sepsis.45-48 A general dysfunction of insulin during critical illness has been reported to be the failure of insulin to exert its normal hypoglycemic action.3,49 It has been proposed that the failure of insulin to normally stimulate glucose uptake and oxidation could lead to protein catabolism indi rectly, as a consequence of a peripheral energy defi cit.47,48 Another possible scenario is that because of the inability of insulin to restrain the stimulatory effect of glucagon on the rate of glucose production and gluco neogenesis, due to the increased plasma glucagon to insulin molar ratio, there is an increased rate of protein breakdown to supply amino acids as substrates to fuel the accelerated rate of gluconeogenesis.50,51 In other words, the recent work performed by Hesselgren et al.45 indicated that in the skeletal muscle of septic rats there is an impairment of insulin to inhibit protein breakdown and to stimulate protein synthesis. To test the hypothesis that an increase in protein breakdown in critically ill patients is due to an impairment of peri pheral glucose oxidation, Jahoor and Wolfe et al.14 performed a study in patients with burn and sepsis using a euglycemic hyperinsulinemic clamp technique combined with simultaneous administration of dichloro acetate (DCA), that stimulates pyruvate dehydrogen ase activity, to further increase glucose oxidation. They found that the administration of DCA to the patients with burn and sepsis during hyperinsulinemia elicited a significant increase in the rate of glucose oxidation and the percentage of glucose uptake oxidized compared with the hyperinsulinemic clamp alone. However, the response of leucine and urea kinetics to the clamp with the simultaneous administration of DCA was not dif ferent from the response to the clamp alone. These results have suggested that the maximum effectiveness of insulin to suppress protein breakdown is not impaired and that a deficit in glucose oxidation or energy supply may not play a major role in mediating the protein catabolic response to severe burn injury and sepsis.
Effects of catabolic hormones
In stressed patients, several circulating factors regu lating substrate, protein and energy metabolism have been identified.52,53 Glucagon, catecholamines and cortisol have been identified as the "stress hormones" that play important roles in critically ill conditions reg ulating substrate metabolism." These are supported by the animal study, in which blockade of the response of glucagon and insulin by the infusion of somatostatin and simultaneous adrenergic blockade abolished catab olic responses typically seen in septic condition .' These hormones may partially be responsible for the catabolic response, because the administration of these hormones in normal human volunteers has been shown to repro duce many of the metabolic alterations observed during critical illness.54 Hyperglucagonemia was observed in Recently, in addition to these classical regulatory and counter-regulatory hormones such as glucagon and catecholamines, inflammatory cytokines have been con sidered to be independent factors that also affect sub strate and protein metabolism.56,57 The evidence that plasma concentration of tumor necrosis factor (TNF) is shown to be elevated in cancer patients also supports this theory," although this evidence has been still con troversial. Therefore, it is reasonable to hypothesize that the changes in substrate metabolism in cancer patients are controlled by TNF. For example, TNF has been shown to cause cachexia,59 which is similar to the conditions frequently observed in cancer patients. Fur thermore, TNF has also been shown to affect substrate and protein metabolism, in which TNF causes an increase in glucose production, glucose utilization, and essential amino acid oxidation, causing net protein catabolism.57 However, TNF inhibits lipolysis and free fatty acid flux.56,57 Thus, TNF alone cannot account for all the aspects of metabolic control, and other cytokines may contribute simultaneously to the overall metabolic responses in stressed patients.60 It has also been demonstrated that TNF causes changes in hormonal milieu,51,61 causing an increase in plasma glucagon con centration in sublethal doses and increase in glucagon and catecholamine concentration in lethal doses.61 Thus, alterations in substrate and protein metabolism seem to be controlled by complex mechanisms involv ing both classical regulatory and counter-regulatory hormones and cytokines.
Although the primary factors that control protein metabolism during critical illness have been identi fi ed,53 a possible mediator and/or humoral factor that causes the net protein catabolism during critical illness has not been identified. However, it has been recently demonstrated that cytokines are the candidates that regulate substrate and protein metabolism.57 Among the cytokines, TNF is a primary cytokine that plays a central role in the alteration in the overall sys temic inflammatory response syndrome of critically ill patients.57,59,62 TNF also appears to elicit alterations in substrate and protein metabolism because infusion of TNF causes a state that is similar to the condition of the critically ill patients, that is so-called cachexia,59 (Fig. 3) although it is not clear whether the effects are direct or increased rate of protein synthesis in skeletal muscle are provided by the increased rate of amino acids in plasma that are transported by the transmembrane amino acid transport mechanism in cell membrane of the skeletal muscle. The rates of amino acid transport of skeletal muscle have been examined in burned patients.10-12 These studies clearly demonstrated an impairment of amino acid transport in skeletal muscle in burned patients, which may partially explain the negative protein balance and a loss of skeletal muscle mass in burned patients (Fig. 4) . It has been shown that increased rates of protein breakdown and protein synthesis occur in the whole-body level14,73 and these alterations are attributable to the increased rates of protein breakdown and synthesis in skeletal muscle,70 since skeletal muscle is the largest organ for the body protein store. Due to an impairment of transmembrane inward amino acid transport in burned patients, free amino acid supply from plasma is decreased, despite larger quantity of free amino acids required for the increased rate of protein synthesis. The impairment of amino acid transport was not improved by the excessive calorie intake with enteral feeding71 or by the short term administration of insulin. Long-term pharmaco logical dose of insulin associated with high-carbohydrate enteral feeding improved the rate of amino acid trans port.72 Although an impairment of amino acid trans port in severely-burned patients is an important mech anism of negative protein balance of skeletal muscle , the question as to whether this mechanism could be extrapolated to other critically ill conditions remains to be solved.
Changes in IGF-I and its binding proteins in critically ill conditions
Another possible mechanism responsible for an increased net protein catabolism is the marked de pression in the circulating concentration of insulin-like growth factor I (IGF-I), an important anabolic hor mone, after multiple mechanical injuries74 and thermal injuries.74-79 Resistance to the anabolic effects of growth hormone has also been reported, especially in patients with the most severe injury.80 These evidences may provide a rationale for the exogenous administra tion of GH and/or IGF-I, which have been reported to increase nitrogen retention and to help preserve lean body mass after burn injury.72,81,82 Thus, absence of positive modulator is likely to be central to the de rangement in protein metabolism observed in critically ill conditions. However, IGF-I exists in plasma with several binding proteins, which forms IGF-I and its binding protein (IGFBP) complex. Therefore, the complexity of protein bindings influences the availabil ity and bioactivity of IGF-I. We have recently shown using A-V balance study that there is a net uptake of IGF-I and IGFBP in burned patients,83 which may partially explain a decrease in serum IGF-I concentra tion in burned patients.83 Despite the fact that further increase in IGF-I uptake is noted in response to con tinuous infusion of insulin, arterial IGF-I concentration increased, suggesting that insulin infusion stimulates IGF-I production. Serum concentrations of IGFBP-1, -2, -3 and -4 are also altered in burned patients.83 IGF-I is associated with IGFBP-3 and acid labile subunit, forming ternary complex, which may be an important mechanism by which serum IGF-I is regulated.84 Thus, complex mechanism regulating IGF-I exists and it is not fully elucidated.
Effect of exogenous anabolic hormone administration
Since the report described by Wilmore et al. 85 dem onstrated that growth hormone increased nitrogen retention in patients with thermal injuries and receiving adequate calories and nitrogen, multiple studies have confirmed over the past 25 years the usefulness of ana bolic hormone in reducing the negative nitrogen bal ance associated with severe protein loss.14,72,78,85-90 Insulin is the most important anabolic hormone liber ated from pancreatic islet cell and has a tremendous effects on the regulation of substrate and protein me tabolism. The physiological response of amino acid and protein metabolism to insulin has well been known in normal volunteers.36,43,91 Insulin also improves nitro gen balance in traumatized patients.46,92 Furthermore, insulin stimulates amino acid trans port.93 In vitro and in vivo experiments have shown that insulin stimulates sodium-dependent system A amino acid transporter, in which alanine is the major substrate that has a large transmembrane concentration gradient.94-99 Recent study indicated that long-term high-dose insulin infusion associated with enteral feed ing markedly stimulates transmembrane amino acid transport in skeletal muscle, resulting in the improve ment of amino acid and protein balance in skeletal muscle in severely-burned patients.72 These results have provided an insight into the mechanism ivolved in the regulation of the balance of amino acid and protein kinetics in critically ill patients.
Summary
It has been long time since the alterations of pro tein kinetics in critical illness was reported, and various attempts in administering energy substrates and/or nutrients have been made to improve negative protein balance. However, none of the nutritional supports available so far have completely curtailed negative protein balance. Administration of anabolic hormone associated with energy substrates seems to be the most effective means available that efficiently improve pro tein kinetics. Although the mechanisms of alteration of protein kinetics have not been fully understood and none of the factors that directly regulate protein kinet ics in critical illness have been identified, recent studies using tracer method have enable us to elucidate the mechanism involved in the alterations seen in critical illness. The impairment of amino acid transport in skeletal muscle may explain some aspects of the unre sponsiveness of amino acid and protein kinetics to the administration of energy substrates and/or amino acids. Although it may not be conceivable to explain the alteration of protein kinetics by a single factor, several mechanisms and factors that are mainly responsible for the alterations of protein kinetics will be clarified in the future. Metabolic study using stable isotope tracers is an essential tool for in vivo quantitative evaluation of protein and amino acid kinetics. 
